Introduction {#sec1}
============

Crude oil is an important resource for the chemical and energy industries. Producing it efficiently from porous structures of the rock located deep underground is a complicated and extensively researched topic.^[@ref1],[@ref2]^ Improving recovery of oil can be achieved using various methods depending on the cost of technology and the properties of rock and oil. Surfactant, polymer, steam, alkali, and supercritical-CO~2~ (sc-CO~2~) injections alone or in combination are among the most successfully applied tertiary recovery methods.^[@ref3]−[@ref7]^ Surfactant injection is mainly used to decrease oil--water interfacial tension and to alter the wettability of the reservoir rock from oil-wet toward water-wet facilitating the release of oil from rock pores.^[@ref5],[@ref8],[@ref9]^ Polymers allow for changing the viscosity of the water flood to better control the sweep and recover bypassed oil regions.^[@ref6]^ The use of steam and sc-CO~2~ can reduce the viscosity of the oil, while alkali can reduce interfacial tension between oil and water and can passivate certain reservoir rock types to reduce retention of surfactants and polymers.^[@ref7],[@ref10]−[@ref12]^

Interactions of injected chemicals with the reservoir rock have been extensively studied for many decades.^[@ref9],[@ref13]−[@ref15]^ Recently, researchers have been focusing on reducing retention, favorably altering surface wettability, and better understanding mechanisms of oil recovery from a variety of rock surfaces.^[@ref5],[@ref13]^ Advancements in analytical and characterization techniques introduced over the past few decades can provide a better understanding of the mechanisms of interaction of chemicals with various surfaces. In particular, the quartz crystal microbalance with dissipation (QCM-D) has been applied to great advantage at the interface of surface science and biology to investigate nanoscale material--surface interactions.^[@ref16],[@ref17]^

QCM-D is a high-resolution acoustic mass sensing technique based on the inverse piezoelectric effect in AT-cut quartz.^[@ref16]^ The piezoelectric effect is the property of certain materials both to become electrically charged (i.e., a voltage develops across the material) when a mechanical stress is applied and to become mechanically deformed when an electric voltage is applied. The instrument measures two main variables: (1) the change in piezoelectric crystal resonance frequency associated with the mass adsorbed and (2) the change in acoustic dissipation energy associated with the rigidity/softness of the adsorbed film (i.e., viscoelastic properties). For rigid films where the mass adsorbed is only a function of resonance frequency, the Sauerbrey equation can be used as expressed in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}([@ref18])where Δ*f* is the crystal resonance frequency (Hz), Δ*m* is the elastic mass change (g), *A* is the electrode area (cm^2^), *f* is the intrinsic crystal frequency (Hz), ρ~q~ is the density of quartz (g/cm^3^), and μ is the shear modulus (dyn/cm^2^). For viscoelastic films, more complicated models are used such as the Voigt and Maxwell models.^[@ref18]^

In the QSence instrument used in the current study, frequency and dissipation are measured at seven different frequency overtone numbers (1, 3, 5, 7, 9, 11, and 13). The overtone frequency is related to the penetration depth (δ) of an acoustic wave, which is given by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}([@ref19])where *n* is the overtone number, ρ~f~ is the fluid density (kg/m^3^), and η~f~ is the shear viscosity (kg/(m s)). The higher overtones (e.g., 11th and 13th) are associated with properties of the film near the crystal surface, while lower overtones (e.g., 3rd and 5th) are associated with properties of the film far from the sensor surface (i.e., deeper inside the film).

QCM-D was successfully used to characterize solvate--surface interactions in many fields, especially in biological and biophysical research.^[@ref17],[@ref20],[@ref21]^ One of the early works by Keller and Kasemo demonstrated that adsorption kinetics of vesicles could be surface-specific and result in either intact vesicle adsorption or bilayer formation.^[@ref22]^ Similar surface observations for rupture/transformation of the adsorbed vesicles into lipid bilayers were also demonstrated for applications in biology to produce desired planar bilayers on a solid surface.^[@ref23],[@ref24]^

Recently, QCM-D has been used in petroleum-related research as it has been applied in other fields. Multiple research efforts have successfully investigated the effect of low- and high-salinity brines on desorption of oil from both silica and calcium carbonate surfaces.^[@ref25]−[@ref29]^ Another study by Chen and Akbulut used QCM-D and atomic force microscopy (AFM) to understand the nanoscale dynamics of heavy oil recovery via a model nonionic surfactant.^[@ref30]^ Because most experiments related to conventional oil recovery are time-consuming, expensive, and do not provide a nanoscale mechanism of oil desorption or interaction of chemicals with the rock surface, QCM-D could offer insight to better characterize and understand interactions of chemicals with a rock surface.

Selecting appropriate chemicals to successfully apply in a chemical enhanced oil recovery (CEOR) campaign is challenging.^[@ref5],[@ref31]^ The chemicals should have certain properties and be soluble in certain salinity brines at high temperatures. Additionally, the cost of the chemicals should be minimal. Alkylbenzene sulfonate (ABS) surfactants, in the form of petroleum sulfonates, are among the most cost-efficient surfactants available in the quantities required for CEOR. Much work has been done to evaluate ABSs for oil field applications and to understand their interactions with various surfaces.^[@ref15],[@ref32]−[@ref34]^ Very little information is broadly available on the interaction of ABSs with calcium carbonate surfaces under relevant reservoir conditions of high salinity and high temperature.^[@ref35],[@ref36]^ Developing ABSs that are stable and effective as CEOR agents will require studies, which fill this gap in our understanding, by examining the nanoscale interactions with various carbonate surfaces under relevant reservoir conditions.

In our previous work, we successfully demonstrated stabilization of one of the lowest cost ABS surfactants in high-salinity and high-temperature brine.^[@ref37]^ In the present work, we focus on the understanding of nanoscale interactions of stabilized formulations of linear and branched ABSs with water- and oil-wet surfaces of calcium carbonate using QCM-D. Confocal laser scanning microscopy (CLSM) was also used to visualize and estimate the oil desorption results obtained from QCM-D. Results suggest that surfactant formulations made of encapsulated ABSs^[@ref37],[@ref38]^ can be specifically modified to achieve improved wettability alterations in challenging high-salinity and high-temperature conditions. Studying the interaction of stabilized ABSs for applications in harsh carbonate reservoir conditions is of great importance because these types of surfactants are available in large quantities and have the potential to be successfully applied in the oil field for various applications.

Results and Discussion {#sec2}
======================

This work investigates the difference between linear and branched ABSs when interacting with a proxy for CaCO~3~ reservoir rock surfaces using CaCO~3~-coated quartz crystals. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} summarizes the experimental procedures performed where surfactant formulations are first studied with water-wet and then with oil-wet CaCO~3~ surfaces. It is important to emphasize that, as described in previous work,^[@ref37]^ ABS surfactants are stabilized by encapsulation into oil-filled vesicles (oil-swollen micelles), which are mainly surrounded by the zwitterionic cocamidopropyl hydroxysultaine surfactant. Therefore, these vesicles would not be similar in structure to micelles made only from ABS surfactants. Previous transmission electron microscope (TEM) and dynamic light scattering (DLS) studies showed that the sizes of these vesicles range from 10 to 60 nm.^[@ref37]^

![Depiction of the experimental procedure used to study the interactions of stabilized linear and branched ABS surfactants with (a) water-wet and (b) oil-wet CaCO~3~ surfaces in high-salinity and high-temperature brines.](ao0c00478_0001){#fig1}

Interaction of Surfactants with the Water-Wet CaCO~3~ Surface {#sec2.1}
-------------------------------------------------------------

Experimental data obtained from the interaction of stabilized ABSs with a water-wet CaCO~3~ surface at 80 °C are provided in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figures S1--S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00478/suppl_file/ao0c00478_si_001.pdf). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b provides the QCM-D measurements for frequency and dissipation changes of the 3rd overtone, respectively. Other overtones for duplicate measurements are presented in [Figures S1 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00478/suppl_file/ao0c00478_si_001.pdf). Negative frequency changes can be related to mass adsorbed to the surface and to the liquid loading effects. In this work, mass adsorbed would correspond to the mass of vesicle composites and water between the molecules. The liquid loading effect could occur when switching from high-salinity water to surfactant solution and can be neglected when comparing retention of linear and branched ABSs since at the end of the experiment surfactant solution is changed back to high-salinity water only. Positive changes in dissipation result from adsorbed entities producing a soft layer, while the absence or decrease of dissipation is a sign that the layer has become more rigid.

![3rd overtone (a) resonance frequency change and (b) dissipation change for both linear (green)- and branched (red)-surfactant-containing vesicles on the water-wet CaCO~3~ surface. (c) The total thickness of the adsorbed surfactant layer on the water-wet CaCO~3~ surface obtained by modeling the QCM-D experimental data using the two-layer Voigt model. Plots for individual layers are provided in [Figures S2c and S4c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00478/suppl_file/ao0c00478_si_001.pdf). The proposed mechanism (d) of linear (green)- and branched (red)-surfactant-containing vesicle adsorption on the water-wet CaCO~3~ surface. Meanwhile, vesicles containing the linear surfactant adsorb as is and mostly preserve their shape, and vesicles with the branched surfactant adsorb as vesicles and eventually reorganize into the bilayer form.](ao0c00478_0002){#fig2}

During the first ∼10 min of flowing high-salinity water only, there was no change in frequency and dissipation observed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b), suggesting that no retention is happening and that the measurement is stable. Exposing the sensor's surface to surfactant solutions, however, caused a significant decrease in frequency. Changes, around −130 Hz for branched and around −220 Hz for linear-ABS-containing vesicles, can be observed. The larger change in frequency for linear ABS samples suggests that more mass has been retained compared to the branched ABS surfactants. As [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b depicts, when high-salinity water was switched to the surfactant, an immediate increase in dissipation occurred for both types of ABS, with a change close to 60 × 10^--6^ for branched and 105 × 10^--6^ for linear-ABS-containing vesicles. The above dissipation and frequency results suggest that both types of vesicles adsorb to the CaCO~3~ surface and produce a highly viscoelastic layer. Samples containing linear ABS adsorb more and result in a softer layer than vesicles with branched ABS. This could be attributed to the more negative surface charges of the linear-ABS-containing vesicles due to larger numbers of closely packed linear surfactant molecules, whereas branched surfactants are not well aligned at the interface.^[@ref39]^ For the linear sample, as can be observed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b, the dissipation and frequency graphs during surfactant flooding required more time to equilibrate when compared to the branched sample. This suggests that close packing of the more negatively charged vesicles could take longer. While magnitudes for frequency and dissipation changes are different when linear and branched samples are compared, the shape of the graphs is still relatively similar.

After surfactant flooding for 25--30 min, the solution was switched back to high-salinity water only. From [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b, it is clear that frequency and dissipation changes for linear and branched ABSs are significantly different. Frequency changes ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) for the linear ABS are almost negligible with only a small difference that could be a contribution from liquid loading and negligible desorption. On the other hand, the frequency graph for the branched ABS ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) initially changes from −150 to −200 Hz and later increases to around −60 Hz. Similar trends are observed with the dissipation results ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). No significant changes are present for the sample containing linear ABS, only a slight decrease that could be caused by changes in the viscoelasticity of the vesicle-containing layer and factors mentioned earlier. For the branched ABS sample, however, dissipation increases from around 60 × 10^--6^ to 70 × 10^--6^ and then significantly decreases to less than 10 × 10^--6^. Similar behaviors in frequency and dissipation as observed for the branched sample were studied previously for multiple systems.^[@ref17],[@ref22]−[@ref24]^ This is typically understood to be the result of vesicle adsorption to the surface with further rupture/reorganization into a mainly bilayer structure, and we believe this is what is occuring in our study as well.

To estimate the thickness of the adsorbed species ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, [Figures S2c and S4c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00478/suppl_file/ao0c00478_si_001.pdf)), a two-layer Voigt model was used to regenerate the above experimental QCM-D data using Q-tools software. The frequency and dissipation graphs generated by this model and the parameters used are presented in [Figures S2 and S4 and Tables S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00478/suppl_file/ao0c00478_si_001.pdf). The total thickness of the adsorbed layer on the CaCO~3~ surface was calculated based on the model and is presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. The total thickness of layers made using vesicles containing linear surfactants during surfactant flooding is 150 nm and varies from 150 to 200 nm when the solution is switched back to high-salinity water. This slight variation in thickness could be the result of vesicle migration on the surface and/or the formation of a layer of vesicles not perfectly aligned through the surface with cases where vesicles could be stacked together in three axes. For the results of vesicles with branched ABS ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, [Figure S4c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00478/suppl_file/ao0c00478_si_001.pdf)), the combined thickness of the adsorbed layer is initially in the range of 80--100 nm, and after switching to high-salinity water, it decreases to less than 10 nm. This confirms the previous statement that vesicles made of branched ABS surfactants break and rearrange into much thinner bilayer structures after high-salinity water flooding.

From the QCM-D measurements, it can be concluded that vesicular structures made of linear and branched ABSs form significantly different adsorbed layers on the water-wet CaCO~3~ surface. As depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, both types of vesicles during surfactant flooding adsorb onto the surface as is, but during high-salinity water flooding, they demonstrate significant differences. Vesicles containing linear ABS mainly preserve a spherical shape, and vesicles made using branched ABS rupture and rearrange themselves into single and/or double layers, possibly due to less efficient packing of the branched surfactants.

In addition to QCM-D measurements, the surface of sensors was also evaluated for wettability alterations. Results provided in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} are for contact angle measurements of water droplets on the CaCO~3~ surface both before and after QCM-D experiments. For linear ABS formulation, contact angles changed from 53 ± 1 to 40 ± 9°, suggesting that the surface became more water-wet. For the case with branched ABS, values changed from 51 ± 4 to 59 ± 6°, indicating that the surface became slightly less water-wet. This can be explained by the results observed from the QCM-D and suggests that the more water-wet surface after linear ABS formulation experiments is due to the surface coverage with the intact vesicles. The outer surface of the vesicles is composed of ABS and cocamidopropyl hydroxysultaine surfactants with hydrophilic parts facing out. This causes the water droplets to attach more strongly to the vesicles covering the surface and thus reducing the contact angle. Surface wettability alteration after branched ABS experiments toward less water-wet is due to the rearrangement of vesicles on the surface into single and/or bilayer structures. When vesicles rearrange, the first layer of surfactants reorients with hydrophilic parts toward the CaCO~3~ surface and hydrophobic tails facing out of the sensor plane. The second layer would be forming with hydrophilic surfactant heads out of the sensor plane. Formation of the less water-wet CaCO~3~ surface could suggest that, for the bilayer, the second layer of surfactant molecules does not completely cover the tails of surfactants located on the first layer. This would suggest that the adsorbed layer is not a complete bilayer. The presence of mineral oil within the vesicles, which have rearranged, also contributes to the wettability alteration of the surface.

###### Contact Angle Measurements of a Water Droplet on the Surface before and after QCM-D Experiments Using Water-Wet CaCO~3~ Sensors

                 contact angle of water on the surface   
  -------------- --------------------------------------- ---------
  linear ABS     53 ± 1°                                 40 ± 9°
  branched ABS   51 ± 4°                                 59 ± 6°

Interaction of Surfactants with the Oil-Wet CaCO~3~ Surface {#sec2.2}
-----------------------------------------------------------

To study the interaction of stabilized ABSs with an oil-wet CaCO~3~ surface, QCM-D crystals were first coated with the components of crude oil by spin-coating as described in the [Materials and Methods](#sec4){ref-type="other"} section. Different studies used alternative methods to convert QCM-D sensors to oil-wet. Among the methods used are drop casting to deposit the asphalt film^[@ref30]^ and crude oil flooding during the QCM-D experiment to adsorb to the clean surface first, and then the excess liquid crude oil can be cleaned with toluene prior to oil desorption studies.^[@ref25]−[@ref28]^ In this study, an oil-wet surface was achieved by spin-coating and not by oil flooding QCM-D measurement. This allowed further analysis of the coated surface for wettability alteration and for changes in the fluorescence of the crude oil after the QCM-D experiment.

Wettability alteration of the crude oil coated sensors toward oil-wet was assessed by measuring the contact angle of the water droplet with the surface before and after coating. The change in the contact angle from ∼50° for the clean surface to ∼95° for the coated ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) is a clear indication that the surface was successfully coated and modified to oil-wet. Fluorescence images of the clean and oil-coated sensors presented in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00478/suppl_file/ao0c00478_si_001.pdf) also confirm the presence of an oil layer.

###### Contact Angle Measurements of a Water Droplet on a Clean Surface of CaCO~3~ Sensors, Crude Oil Coated Crystals, and Crystals after Surfactant Flooding Experiments[a](#t2fn1){ref-type="table-fn"}

                 contact angle of water on the surface                                         
  -------------- --------------------------------------- --------- --------- ----------------- ----------
  linear ABS     52 ± 1°                                 95 ± 2°   59 ± 6°   0.176 ± 0.009     63 ± 2%
  branched ABS   53 ± 3°                                 96 ± 1°   79 ± 3°   0.113 ± 0.00005   32 ± 7%°

Estimated crude oil desorption based on fitted QCM-D experimental data and fluorescence images captured before and after QCM-D experiments.

Similar QCM-D experiments performed on water-wet sensors were repeated in duplicate for linear- and branched-ABS-containing formulations on oil-wet sensors. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Figures S6 and S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00478/suppl_file/ao0c00478_si_001.pdf) present data for frequency and dissipation changes during QCM-D measurements. As it can be observed, during high-salinity water flooding, frequency and dissipation values remain relatively stable indicating that no significant changes occur on the sensor surface. Small negative changes in frequency and positive changes in dissipation are observable for the sensor used in the experiment with linear-ABS-containing formulation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, [Figure S6a,b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00478/suppl_file/ao0c00478_si_001.pdf)). These observations are due to relatively small swelling and desorption of oil from the sensor.

![3rd overtone (a) resonance frequency change and (b) the dissipation change for both linear (green)- and branched (red)-surfactant-containing formulations on the oil-wet CaCO~3~ surface. (c) Modeled mass of oil desorbed from the surface during the QCM-D experiment.](ao0c00478_0003){#fig3}

After continuous high-salinity water injection, surfactant solutions were introduced. For the frequency changes for both surfactants in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, it can be observed that values first change to around −70 Hz and then increase to ∼500 Hz for the sample with linear ABS and to ∼300 Hz for the sample with branched-ABS-containing formulations. The initial decrease in the frequency change is indicative of the mass increase due to surfactant sorption and water entrapment in the oil caused by swelling. The later increase is related to mass reduction and is due to oil desorption from the CaCO~3~ surface. Larger increases in the frequency change observed for the formulation with linear ABS when compared to branched ABS indicate that it has removed more oil. In addition to the difference in frequency amplitudes, the slope of the graph for the linear sample is much steeper than that for branched, indicating that the rate of oil desorption is higher in the case of linear ABS formulations. The difference in oil removal efficiency during surfactant flooding is also observed when changes in dissipation for both formulations are compared ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The initial dissipation change from ∼0 to ∼120 × 10^--6^ is an indication that the adsorbed layer is much more viscoelastic/soft than before. This is mainly due to swelling of the oil layer and sorption of surfactants. The difference in slopes is an indication of that layer becoming viscoelastic faster with linear ABS formulation than with branched ABS. Later, dissipation changes to ∼40 × 10^--6^ for linear ABS and to ∼100 × 10^--6^ for branched. This is in line with results observed for changes in frequency and suggests that formulations with linear surfactants desorbed larger mass of oil and left a less viscoelastic layer than the formulation with branched ABS.

After surfactant flooding, flow was changed again to high-salinity water only. Neither frequency changes nor dissipation exhibits large differences for either system ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). Continuous and small downward frequency changes for sensors previously exposed to linear ABS formulation could be due to insignificant swelling of the remaining oil layer, which caused an increase in mass due to water entrapment. This is also confirmed by a continuous small increase in dissipation from ∼40 × 10^--6^ to ∼55 × 10^--6^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). For the sensor used with the branched ABS formulation, the frequency curve also has a small negative slope suggesting that mass on the sensor is slightly increasing, possibly due to swelling of the remaining oil. Dissipation initially shows a slight increase from ∼100 × 10^--6^ to ∼105 × 10^--6^ and later decreases back to ∼100 × 10^--6^. Earlier, it was discussed that vesicles containing branched formulations tend to rapture/restructure into thinner layered-structures when diluted with high-salinity water on the water-wet CaCO~3~ surface. Therefore, the slight changes in dissipation observed for branched-ABS-containing vesicles on the oil-wet surface could be associated with structural changes of the adsorbed surfactant layer on the oil and oil layer itself.

To calculate the amount of oil desorbed after surfactant flooding, a two-layer Voight viscoelastic model was used to fit QCM-D experimental data and then to calculate the amount of mass desorbed as presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c and [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00478/suppl_file/ao0c00478_si_001.pdf). Linear-ABS-containing formulation desorbed ≈0.176 g/m^2^, while branched ABS desorbed ≈0.113 g/m^2^.

Contact angle measurement studies performed on oil-coated sensors before and after QCM-D experiments are presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. For experiments with the linear ABS formulation, contact angles changed from 95 ± 2 to 59 ± 6°, while with branched ABS formulation, they changed from 96 ± 1 to 79 ± 3°. This indicates that sensors flooded with the linear ABS formulation had a surface change to more water-wet when compared to the surface after using the branched ABS formulation.

Fluorescence images of the oil-wet sensors were captured by CLSM before and after QCM-D experiments and used (i) to calculate the crude oil intensity difference for quantitative analysis on oil desorption, which was then compared to modeled QCM-D results, and (ii) to qualitatively observe desorption of the oil from the surface by each surfactant. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a presents images of oil fluorescence before and after linear-ABS-formulation flooding, whereas [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows the oil-wet surface used with branched ABS formulation. Histograms in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [5](#fig5){ref-type="fig"}b are based on the fluorescence intensity of the corresponding images when converted to grayscale. The difference in fluorescence intensity is correlated to the amount of oil present on the surface. When visually comparing images in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [5](#fig5){ref-type="fig"}a before and after QCM-D experiments, it can be observed that, for both cases, the intensity of oil fluorescence has decreased after surfactant flooding, confirming that the studied formulations desorb oil from the surface as it was discussed in the QCM-D section. The oil fluorescence intensity change was calculated from the generated histograms to relatively quantify the amount of oil desorbed after surfactant flooding, and the results are presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. After linear-ABS-formulation flooding, the estimated amount of oil desorbed is ∼63%, and after branched ABS, it is ∼32%. The difference between surfactants' oil desorption efficiencies is differentiable and suggests that linear-ABS-containing vesicles have recovered more crude oil from the CaCO~3~ surface compared to branched. Although desorption estimates would not translate into a potential amount of oil recovery from an underground oil reservoir, fluorescence images help to support the results of QCM-D and contact angle measurements and the conclusion that linear-ABS-containing vesicles have desorbed more oil from the CaCO~3~ surface when compared to branched.

![(a) Fluorescence images before and after linear-surfactant-containing formulation flooding taken with confocal microscopy. (b) Histograms with intensity for corresponding fluorescence images when converted to a grayscale image using ImageJ software.](ao0c00478_0004){#fig4}

![(a) Fluorescence images before and after branched-surfactant-containing formulation flooding taken with confocal microscopy. (b) Histograms with intensity for corresponding fluorescence images when converted to a grayscale image using ImageJ software.](ao0c00478_0005){#fig5}

Additionally, fluorescence images reveal that the remaining oil on the surface is not in a continuous phase but rather remains as patches scattered across the surface ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, [5](#fig5){ref-type="fig"}a). Images suggest that the same mechanism of oil desorption, as described in earlier studies for oil recovery from a silica substrate using a nonionic surfactant^[@ref30]^ and from chalk using an anionic surfactant,^[@ref40]^ is also taking place here. The mechanism involves sorption/diffusion of surfactant entities onto the surface of the oil layer, swelling of the oil layer, and formation of water channels.

Conclusions {#sec3}
===========

In this work, QCM-D and CLSM methods are applied to study the interactions of water- and oil-wet CaCO~3~ surfaces with linear and branched alkylbenzene sulfonate (ABS) surfactants that were stabilized into vesicular structures under high-salinity (≈6 wt % TDS) and high-temperature (80 °C) conditions. Results suggest that both types of vesicles adsorb onto the water-wet CaCO~3~ surface as is but that significant changes occur upon dilution with high-salinity water. While vesicles containing linear ABS surfactants remained adsorbed as is and did not undergo structural changes, vesicles with branched ABS surfactants rearranged to produce a layered structure on the surface. Flooding of these vesicles slightly altered the CaCO~3~ surface wettability, with the linear ABS surfactants causing the surface to be more water-wet and the branched ABS surfactants causing it to be less water-wet.

Interaction of vesicles with oil-wet surfaces reveals that vesicles containing linear ABS surfactants resulted in more oil desorbed and greater alteration of surface wettability toward water-wet, when compared to branched-ABS-containing vesicles. Fluorescence images of the oil film obtained before and after the QCM-D experiments allowed a visual comparison of oil-desorption efficiency of surfactants and confirmed a previous mechanism proposed for the removal of heavy oil.^[@ref30]^ Ultimately, these results can help to better understand the nanoscale interactions of low-cost alkylbenzene sulfonate surfactants with surfaces under high-salinity and high-temperature conditions as well as to improve the screening process of potential surfactant candidates for lab and field implementation.

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

Bio-Soft S-126 (linear, alkyl (C12.6) benzene sulfonic acid) and Sulfonic 100 (branched, alkyl (C12) benzene sulfonic acid) surfactants used in this study were provided by Stepan Company (Northfield, IL). The ColaTeric CBS cocamidopropyl hydroxysultaine surfactant was obtained from Colonial Chemical (South Pittsburgh, TN), while Puritol TM/MC mineral oil was from Petro-Canada Lubricants (Mississauga, Canada). Crude oil used had a density of 0.8171 g/cm^3^, and according to SARA (saturate, aromatic, resin, and asphaltene) analysis, it is composed of 33.1% saturates, 47.3% aromatics, 8.7% resins (polars I), and 10.9% asphaltenes (polars II). Other chemicals were obtained from Fisher Scientific (Fair Lawn, USA).

Preparation of Stable Alkylbenzene Sulfonate Solutions {#sec4.2}
------------------------------------------------------

Stabilizing alkylbenzene sulfonates for high-salinity and -temperature applications was achieved as described previously.^[@ref37]^ First, synthetic high-salinity water (∼60000 mg/L total dissolved salts (TDS)) was prepared by dissolving NaCl (0.7022 mol), CaCl~2~·2H~2~O (0.0162 mol), MgCl~2~·6H~2~O (0.0868 mol), Na~2~SO~4~ (0.0447 mol), and NaHCO~3~ (0.002 mol) in 1 L of deionized (DI) water. Then, to prepare 0.2 wt % surfactant solutions used in the experiments during surfactant flooding, 1 mL of 5 wt % mineral oil doped alkylbenzene sulfonates (linear or branched) and 1.5 mL of 4 wt % cocamidopropyl hydroxysultaine were mixed together, and 52 mL of synthetic high-salinity water was added to the premixed solution. 4 wt % active cocamidopropyl hydroxysultaine solution was prepared by dissolving 8.33 g of as-received ColaTeric CBS (48 wt % active) in 92 g of DI water. Mineral oil doped 5 wt % linear and branched alkylbenzene sulfonate solutions were prepared first by thoroughly mixing 0.25 g of Puritol TM/MC mineral oil and 4.75 g of linear or branched ABSs (heating mixtures to 60 °C reduced viscosity for better mixing). Next, the mixture was dissolved in 50 g of DI water and neutralized to ∼pH 7 using aqueous NaOH, and the final mass of solution was adjusted to 95 g by addition of DI water.

Quartz Crystal Microbalance with Dissipation (QCM-D) Measurements {#sec4.3}
-----------------------------------------------------------------

The interactions of stabilized linear- and branched-ABS-surfactant formulations in high-salinity brine with water- and oil-wet CaCO~3~ surfaces at 80 °C were studied using QCM-D (Biolin Scientific, Gothenburg, Sweden). The instrument was a QSence High-Temperature Chamber connected to the QSense Analyzer electronic unit. CaCO~3~-coated quartz crystals/sensors (QSX 999) were used to represent the reservoir rock surface and purchased from Biolin Scientific. Both frequency and dissipation measurements were recorded at several overtones (1st, 3rd, 5th, 7th, 9th, 11th, and 13th). Experiments were performed at 80 °C with a constant fluid flow rate of 100 μL/min. All solutions were filtered before performing QCM-D experiments using a 0.25 μm polytetrafluoroethylene (PTFE) syringe filter and degassed using a vacuum chamber to avoid formation of gas bubbles during measurements. Solutions were kept preheated at 70 °C on a hot plate before they were introduced into a heating loop within the QCM-D chamber.

For the interaction of surfactant formulations with a water-wet CaCO~3~ surface, new CaCO~3~-coated crystals were used every time. First, sea water was flooded into the system in order to stabilize the oscillation and obtain a baseline of frequency and dissipation. After high-salinity water, 0.2 wt % linear or branched ABS formulation was introduced, and finally, high-salinity water was flooded. Each flow was maintained until the resonance frequency and dissipation signal stabilized. A similar experiment was repeated for both formulations in duplicate using new CaCO~3~ sensors.

Interaction of formulations with the oil-wet CaCO~3~ surface and crude oil desorption experiments were performed on precoated CaCO~3~ sensors. Oil deposition was achieved using a spin-coater (KW-4A). First, crude oil was diluted with toluene in a ratio of 1:20 (oil:toluene). Dilution was performed to reduce viscosity of the crude oil to achieve a thin and uniform coating. Depositing crude oil as is resulted in a thicker layer, which was significantly impacting sensitivity of the QCM-D crystals. Four drops of diluted crude oil (i.e., approximately 30 μL) were placed on a clean CaCO~3~ sensor while spinning at 4000 rpm for 5 min. Then, the coated crystals were left to dry in an oven at 100 ^°^C for 5 min. A similar procedure, as outlined above, was followed for the oil-wet QCM-D experiment, with the only difference being that crystals were now coated with oil. Experiments were also repeated in duplicate for both linear- and branched-ABS-containing formulations. Wettability of the CaCO~3~ sensor surface was determined by measuring contact angles of DI water droplets (∼10 μL) in the air and at room temperature using a goniometer (ramé-hart, Succasunna, USA) and performed for new crystals, oil-coated, and after QCM-D experiments. The contact angle was measured at three different regions on the crystal for each sample, and values were reported as the average of three measurements for each case. Equilibration time before contact angle measurement was ∼1 min.

Confocal Laser Scanning Microscopy (CLSM) {#sec4.4}
-----------------------------------------

CLSM (Zeiss LSM 780) was used to characterize the surface of the crude oil coated crystal based on fluorescence before and after flowing the surfactant. A 488 nm laser was used in Lambda imaging mode (i.e., multichannel mode) at a resolution of 1980 × 1980, pinhole of 38.9 Airy Units, and gain of 800. Horizontal images were taken for each sample after coating and after surfactant flooding in the QCM-D experiment. The dimension of all images was 849.76 μm × 849.76 μm. Then, the images were processed in ImageJ software where they were converted to grayscale images for easier analysis. Intensity histograms of images were generated in order to estimate the amount of oil desorbed from the surface of CaCO~3~ sensors.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00478](https://pubs.acs.org/doi/10.1021/acsomega.0c00478?goto=supporting-info).Resonance frequency change and the dissipation change as a function of the adsorbed species (both in response to the amount and to the distribution or arrangement of the material on the surface) for all the QCM-D experiments. The physical properties and the modeling parameters used for QCM-D data modeling using the Voigt model. Fluorescence images of the QCM-D crystal surfaces. Modeled mass of oil desorbed from the surface during different QCM-D experiments ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00478/suppl_file/ao0c00478_si_001.pdf))
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